Objective: To evaluate the efficacy and safety of repeated low-dose human recombinant erythropoietin (rhEPO) in the improvement of neurological outcomes in very preterm infants. Methods: A total of 800 infants of 32-week gestational age who had been in an intensive care unit within 72 hours after birth were included in the trial between January 2009 and June 2013. Preterm infants were randomly assigned to receive rhEPO (500IU/kg; n 5 366) or placebo (n 5 377) intravenously within 72 hours after birth and then once every other day for 2 weeks. The primary outcome was death or moderate to severe neurological disability assessed at 18 months of corrected age. Results: Death and moderate/severe neurological disability occurred in 91 of 338 very preterm infants (26.9%) in the placebo group and in 43 of 330 very preterm infants (13.0%) in the rhEPO treatment group (relative risk [RR] 5 0.40, 95% confidence interval [CI] 5 0.27-0.59, p < 0.001) at 18 months of corrected age. The rate of moderate/severe neurological disability in the rhEPO group (22 of 309, 7.1%) was significantly lower compared to the placebo group (57 of 304, 18.8%; RR 5 0.32, 95% CI 5 0.19-0.55, p < 0.001), and no excess adverse events were observed. Interpretation: Repeated low-dose rhEPO treatment reduced the risk of long-term neurological disability in very preterm infants with no obvious adverse effects.
nervous system 7 is upregulated after insult and plays a role in neuroprotection. [8] [9] [10] [11] Experimental studies have reported that rhEPO possesses neuroprotective properties in different neonatal brain injury animal models, 12, 13 and clinical studies have shown that rhEPO treatment reduces brain injury and the incidence of neurological disabilities in infants. 8, [14] [15] [16] [17] In addition, improved neurodevelopmental outcomes have been observed in preterm infants with anemia after rhEPO treatment. [17] [18] [19] [20] The neuroprotective effect of rhEPO was suggested to be through acting against apoptosis, inflammation, and neurotoxicity and by acting as an antioxidant in protecting white matter from injury and in promoting neural regeneration, injury repair, and normal development. 5 It has been shown that serum rhEPO concentrations are positively correlated with the degree of maturation during mental development in preterm infants, 21 and high-dose rhEPO (2,500U/kg) is well tolerated by preterm infants, causing no excess morbidity or mortality. 14, 20 However, it is still a significant concern to use high-dose rhEPO in very preterm infants because this might increase the potential risk of ROP. 19, 22, 23 Based on previously observed neurodevelopmental improvement in very preterm infants who received low-dose rhEPO treatment for anemia prevention-and our own previous study, where repeated low-dose rhEPO (300-500U/kg) treatment of hypoxic-ischemic encephalopathy in term infants improved long-term neurological outcomes-we tested the hypothesis that early repeated low-dose rhEPO (500U/kg) treatment started within 72 hours after birth and then once every other day for 2 weeks will reduce early severe complications and improve long-term neurological outcomes in very preterm infants. This study provides important evidence that early repeated low-dose rhEPO treatment improves long-term neurological outcomes in very preterm infants and without obvious adverse effects.
Subjects and Methods

Patient Population
Between January 2009 and June 2013, a total of 800 preterm infants admitted to the neonatal intensive care unit (NICU) of the Third Affiliated Hospital of Zhengzhou University and Zhengzhou Children's Hospital within 72 hours after birth and with gestational age 32 weeks were deemed eligible for the study. The sample size was determined based on the assumption that 30% of the selected preterm infants would develop adverse neurodevelopmental outcomes in the control group at 18 months of corrected age. 24 If the relative risk (RR) were to be reduced by 40% with rhEPO treatment, then 363 patients would need to be recruited for each group for a significance level of 5% with 95% power and 10% loss to follow-up.
Infants with genetic metabolic diseases, congenital abnormalities, polycythemia, severe infection (infection-induced multiple organ failure), unstable vital signs (multiple organ failure such as respiration or circulation failure), or grade III/IV intracranial hemorrhage before randomization were excluded from the study. Written informed consent was obtained from the parents, and the infants were assigned randomly to rhEPO treatment or placebo. This study was approved by the Life Science Ethics Committee of Zhengzhou University and Henan Medical Academy in accordance with the Helsinki Declaration and was registered at ClinicalTrials.gov (NCT02036073).
Study Design and Treatment Procedures
For infants who fulfilled the inclusion criteria, their mothers' complete obstetric histories were obtained, including chorioamnionitis, maternal hypertension, premature rupture of membrane, and mode of delivery. A simple randomization plan was established in the Department of Medical Documentation of each center before the start of the trial. Each patient was randomly assigned to rhEPO or placebo in a 1:1 allocation using a computer-based random-number generator. The resulting group assignment for each consecutive patient was concealed in sealed envelopes before the patients' inclusion. In the rhEPO treatment group, patients were given rhEPO at 500U/kg intravenously every other day for 2 weeks (a cumulative dose of 3,500U/kg over the course of 7 separate intravenous injections regardless of gestational age), starting with the first dose within 72 hours after birth. Patients in the placebo group received an equivalent volume of saline with the same treatment procedure as the rhEPO group. The supportive care, including keeping warm, parenteral nutrition, feeding, and other treatments according to different clinical symptoms were identical between the two treatment groups. Blood transfusion criteria followed strict clinical criteria. 25 Discontinuation was defined as infants who were lost to follow-up, who did not complete the treatment, or who suffered serious side effects. Criteria for withholding or stopping the study drug included major venous thrombosis, polycythemia (hematocrit > 60% or hematocrit increase 15% not due to transfusion), hypertension (systemic blood pressure >95mmHg at 0-7 days of age, > 100mmHg at 8-14 days, or >105mmHg at over 2 weeks), and unexpected death (not caused by defined disorders acquired in the neonatal period due to prematurity).
Data Collection
Blood pressure and body weight of the very preterm infants were recorded daily for the first 2 weeks of life. In addition, weekly complete blood cell counts and the number and volume of blood transfusions during hospitalization were recorded. Routine blood tests were obtained before and after rhEPO treatment. Renal and liver function tests were obtained weekly. If infants had blood transfusions, blood samples were collected at least 3 days after that. Head ultrasound was performed on all patients within 3 days after birth and then weekly until discharge (at least 4 sessions of ultrasonography were performed, which depended on the gestational age), and cerebral magnetic resonance imaging (MRI) was performed at 40 weeks of corrected age to determine the presence and extent of brain injury, hemorrhage, or thrombosis. 26 NEC was determined by symptoms and x-ray examination and classified according to Berman and Moss. 31 ROP screening was performed in accordance with Chinese guidelines with both eyes examined by an experienced ophthalmologist. The severity of ROP was graded according to the international classification of ROP.
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Outcome Measures
All surviving infants were regularly evaluated every 3 months through a standardized nervous system examination, and a final examination at 18 months of corrected age was performed to evaluate motor functions and mental developmental index (MDI) using the Bayley Scales of Infant Development (2nd edition). Hearing status was determined from parental reports and supplemented with auditory brainstem response measurements. Deafness was defined as a hearing disability that required amplification. 33 Blindness was defined as a corrected visual acuity of <20/200. 33 Moderate or severe disabilities were defined as survival with at least 1 of the following complications: cerebral palsy, MDI < 70, deafness, or blindness. In this study, the investigators enrolled the participants. The investigators performing the short-term and long-term outcome assessments and the parents were blinded to the patients' group allocation, although the doctors and nurses responsible for treatment were not blinded according to the rules of medical procedure in China. The final evaluation at 18 months of corrected age was performed by doctors from the Child Growth and Development Department, who were blinded to the treatment protocol and not allowed to have access to the treatment history of the infants.
Statistical Analysis
All data were analyzed using SPSS 19.0 software (IBM, Armonk, NY). Quantitative data are expressed as mean 6 standard deviation. The gestational age, birth weight, blood cell counts, alanine aminotransferase level, serum creatinine level, and numbers of blood transfusions between the two groups were compared using Student t test. The differences between the two groups for sex ratio, obstetric history, asphyxia, and surfactant administration were compared using the chi-square test. Neonatal complications and outcomes at 18 months of corrected age between the two groups were compared using the univariate logistic regression test. Interaction analysis in subgroups was performed with Mantel-Haenszel tests. Risk factors of adverse neurological outcome were determined using multivariate logistic regression analysis. The level of statistical significance was set at 2-sided a 5 0.05.
Results
Baseline Characteristics and Follow-up A total of 800 very preterm infants of 32 weeks of gestational age were admitted to the NICU during the observation period (Fig 1) . There were no significant differences in baseline characteristics between the two treatment groups (Table 1) .
Neurological Outcomes at 18 Months of Corrected Age
For analysis of long-term outcomes, there were 613 of 668 surviving very preterm infants who completed the follow-up at 18 months of corrected age, including 304 in the placebo group and 309 in the rhEPO group (see Table 2 ) at 18 months of corrected age. There was no significant difference in the mortality rate between the two groups (p 5 0.077).
The total number of patients with moderate or severe neurological disability at 18 months of corrected age was 57 (57 of 304, 18.8%) infants from the placebo group and 22 (22 of 309, 7.1%) infants from the rhEPO treatment group (RR 5 0.32, 95% CI 5 0.19-0.55, p < 0.001; see Table 2 ). The median MDI value was significantly lower in the placebo group (90.00, range 5 63-106) compared to the rhEPO group (100.00, range 5 68-117; p < 0.001). The median psychomotor development index value was significantly lower in the placebo group (90.00, range 5 62-109) compared to the rhEPO group (99.00, range 5 66-112; p < 0.001). The incidence of MDI < 70 was 16.1% in the infants from the placebo group (84.1 6 12.1, median 5 90.0, range 5 63.0-106.0) versus 6.1% in the infants from the rhEPO treatment group (95.2 6 12.5, median 5 100, range 5 68-117; RR 5 0.33, 95% CI 5 0.19-0.58, p < 0.001). The incidence of deafness was significantly lower in infants from the rhEPO group compared to infants in the placebo group (0.3% vs 2.6%, respectively; RR 5 0.12, 95% CI 50.02-0.99, p 5 0.019). The incidences of cerebral palsy (p 5 0.065) and blindness (p 5 0.662) were similar between infants from the rhEPO treatment and the placebo group (see Table 2 ).
Subgroup analyses were performed based on gestational age (<28 weeks, 28-29 6/7 weeks, 30-32 weeks), birth weight (<1,000g, 1,000-1,499g, 1,500g), and sex. Moderate or severe disability, including MDI < 70 at 18 months of corrected age, was associated with gestational age and birth weight (p < 0.01 and p < 0.05, respectively; Table 3 ). rhEPO treatment significantly reduced the incidence of moderate or severe disability, including MDI < 70 in the gestational age 28-29 6/7 weeks and 30-32 weeks groups, in the birth weight 1,000-1,499g group, and in boys (p < 0.01; see Table 3 ). There was no significant interaction between rhEPO and any subgroup in preterm infants with disability at 18 months of corrected age (Table 4) .
Multivariate Analysis for Adverse Neurological Outcome
Logistic regression analysis of risk factors for moderate/ severe neurological disability at 18 months of corrected age was performed using 16 items, including gestation, birth weight, sex, severe asphyxia, ventilation > 7 days, severe anemia, PVL, ICH III-IV, sepsis, BPD, NEC, cholestasis syndrome, respiratory distress syndrome, EPO treatment, pneumonia, and persistent hypoglycemia. We found that PVL, ICH III-IV, ventilation > 7 days, and gestation age of 28-29 6/7 weeks were risk factors for poor neurological outcome. EPO treatment was a protective factor against adverse neurological outcome (Table 5 ).
FIGURE 1: Study flow. Schematic flowchart shows the numbers of infants who were screened for eligibility, randomly assigned to recombinant human erythropoietin (rhEPO) or placebo groups, and followed up to 18 months of corrected age. Lost to follow-up means that contact with the family was lost during the follow-up period. ICH 5 intracranial hemorrhage; NEC 5 necrotizing enterocolitis.
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Neonatal Complications
The incidence of PVL and grade III-IV ICH in the infants from the rhEPO treatment group was significantly lower compared to the infants from the placebo treatment group (RR 5 0.52, 95% CI 5 0.35-0.79, p 5 0.002 and RR 5 0.38, 95% CI 5 0.23-0.62, p < 0.001, respectively; Table 6 ). Similarly, the occurrence of NEC and sepsis was significantly lower in the rhEPOtreated infants than in the placebo treatment group (RR significant differences in the occurrence of BPD between the two groups of infants (p 5 0.168; see Table 6 ).
Safety Analysis
The red blood cell counts (p 5 0.567), hemoglobin levels (p 5 0.849), hematocrit (p 5 0.725), and blood platelet counts (p 5 0.309) were similar between the two groups of infants before rhEPO treatment (Table 7) . At 2 weeks after treatment, there were significantly higher red blood cell counts (p 5 0.001), hemoglobin levels (p < 0.001), and hematocrit (p 5 0.004) in the rhEPO-treated infants compared to the infants who received placebo. The total number of blood transfusions was significantly decreased in the rhEPO-treated infants compared to the infants in the placebo group (p < 0.001). There were no significant differences regarding the blood platelet count, alanine aminotransferase levels, or serum creatinine levels between the infants in the two treatment groups (see Table 7 ). No other obvious side effects such as thrombosis, hypertension, polycythemia, or polyplastocytosis were observed in the rhEPO treatment group or the placebo group.
Discussion
Very preterm infants are at high risk for brain injury and subsequent neurodevelopmental disabilities such as cerebral palsy and neurocognitive deficits, and there are no Probability value is for the placebo group versus rhEPO group using univariate logistic regression. p < 0.05 was considered statistically significant. BPD 5 bronchopulmonary dysplasia; CI 5 confidence interval; ICH 5 intracranial hemorrhage; NEC 5 necrotizing enterocolitis; PVL 5 periventricular leukomalacia; rhEPO 5 recombinant human erythropoietin; ROP 5 retinopathy of prematurity. Probability value is for the erythropoietin group versus the control group using Student t test. p < 0.05 means a significant difference. ALT 5 alanine aminotransferase; RBC 5 red blood cell; rhEPO 5 recombinant human erythropoietin; SCR 5 serum creatinine.
widely accepted preventive or therapeutic strategies for preterm brain injury and neurological sequelae. Recent experimental 34, 35 and clinical 17, [36] [37] [38] studies indicate that rhEPO is a promising candidate for very preterm infants with brain injury and that it improves neurodevelopment and reduces the risk of neurodevelopmental disability. However, the safe dose range, timing, and duration of rhEPO administration still require careful exploration and consideration. In this study, we found that repeated administration of low-dose rhEPO (500U/kg) for 2 weeks significantly reduced the incidence of brain injuries, including ICH and PVL. This suggests that rhEPO treatment confers short-term neuroprotection in very preterm infants. In addition, the incidence of neurological disabilities was significantly reduced after rhEPO treatment. This rhEPO treatment protocol did not increase the incidence of ROP, and no adverse side effects were observed. Overall, our study demonstrated that repeated low-dose rhEPO affords both short-term and long-term neuroprotection and suggests that rhEPO is a promising preventive and therapeutic option for very preterm infants. The subgroup analysis showed that rhEPO improved long-term outcomes for very preterm infants of different gestational ages, birth weights, and sex. In this study, we also observed that the incidence of neurological disabilities was associated with gestational age and birth weight. The earlier the preterm birth, or the lower the birth body weight, the higher the chances of suffering from neurological disability, and this is in agreement with previous findings. 39 The current study has some limitations. First, the number of subjects lost to follow-up was relatively high. This was probably related to the high cost of hospitalization and lack of health insurance or poor prognosis. The migration of some families might be another important reason, because many young people frequently change their work in China. Second, although the rate of enrollment was highly dependent on the parents' understanding and trust in the intervention, the number of the very preterm infants in the gestational age < 28 weeks subgroup and the birth weight < 1,000g subgroup was low, and this might be why we did not observe any difference between rhEPO and vehicle-treated very preterm infants in these subgroups. In addition, we would likely need more infants in the birth weight 1,500g subgroup to see a significant difference because the incidence of neurological disabilities decreases with increasing birth weight. Third, there were more boys than girls in this study, and such an imbalance in sex ratio has been reported in other studies in Chinese populations. 40 Male preterm infants have a higher risk of abnormal neurological outcome than female preterm infants, 41 and more boys in the current study might have influenced the incidence of neurological disability and the effects of rhEPO treatment. Fourth, a subsequent follow-up for 5 years 42 or until the children start school 43 might further help determine whether early administration of rhEPO to very preterm infants improves neurodevelopmental outcomes.rhEPO was originally used at a low dose to prevent anemia in preterm infants, and it is now widely accepted as a routine application for all preterm infants as a substitute for blood transfusion, although the dose, duration, and route of rhEPO administration has been modified and is different from its original usage. 23, 25, 44 Animal experiments showed that high-dose rhEPO (10,000-30,000U/kg) decreases both short-term and long-term brain injury, but it must be given at the time of, or very soon after, brain injury. 12, 45 This high-dose rhEPO in rodents was equivalent to that in preterm infants given at a high dose of 1,000 to 2,500U/kg. 20 Based on those results from neonatal rodent brain injury models, clinical studies showed that high-dose rhEPO (2,500-3,000U/ kg) administered after birth was well tolerated in preterm and term infants 14, 20, 33, 37, 42 and conferred neuroprotection. 16, 36 In a previous study using low-dose rhEPO to prevent anemia in preterm infants, it was observed that preterm infants with rhEPO treatment also had significant neurodevelopmental improvement. 38 Another previous study using low-dose rhEPO (250-400U/kg, 3 times a week for 6 weeks) to prevent anemia in premature infants of birth weight < 1,500g found that the neurodevelopmental outcome improvement was related to the total cumulative dose of rhEPO, 46 suggesting that repeated low-dose rhEPO treatment could be beneficial. Repeated administration of as low as 500U/kg of rhEPO for 2 weeks in the present study proved to be neuroprotective.
With the increasing number of premature infants, rhEPO is increasingly being used in neonatal medicine as a substitute for blood transfusions in preterm infants. The side effects of rhEPO in very preterm infants have drawn much concern, especially because rhEPO has been reported to promote angiogenesis and ROP. 47 However, studies in the current literature show conflicting results with regard to ROP being associated with the use of rhEPO in preterm infants. 17, 20, 22, 23, 48 In a recent review of 27 studies with a total of 2,209 preterm infants, early administration of rhEPO reduced the risk associated with increased blood transfusion, but there was a tendency, although not significant, for an increase in the risk of ROP. The rates for mortality and morbidities, including ICH and NEC, were not significantly changed by early rhEPO treatment. 23 Other recent studies showed that early high-dose rhEPO (2,500-3,000U/kg) administered once in very preterm infants did not increase the incidence or severity of ROP. 20, 37 In the current study, lowdose rhEPO (500U/kg) treatment decreased the risk of NEC and sepsis and did not increase the risk of ROP or BPD. The mechanisms behind the reduced incidence of NEC and sepsis are not fully understood; however, rhEPO protects epithelial barrier function and protects intestine from excessive autophagy and apoptosis, and this, as well as rhEPO's immunomodulation actions, might provide beneficial effects in preventing NEC and sepsis. 49, 50 Furthermore, there were no adverse effects such as thrombosis, hypertension, polycythemia, or polyplastocytosis observed, which is in line with previous reports, 20, 37 suggesting that the current protocol of repeated low-dose rhEPO treatment in this study is protective and safe. In summary, this study provides important evidence for a safe and beneficial effect of rhEPO on improving the short-term and long-term outcomes in very preterm infants who received repeated low doses of rhEPO. No signs of adverse effects of this early rhEPO treatment in very preterm infants were identified. We speculate, therefore, that rhEPO treatment could be an important preventive and therapeutic option for very preterm infants with brain injury. Future research on the neuroprotective effect of rhEPO will focus on very preterm infants of gestational age < 28 weeks by increasing the sample size and prolonging the treatment time up to 32 weeks collective age. A subsequent follow-up to 5 years will be performed in the future to determine whether early administration of rhEPO to very preterm infants improves neurodevelopmental outcomes.
